RESEARCH COMMUNICATION 



Context dependency of Setl/ 
COMPASS-mediated histone 
H3 Lys4 trimethylation 

Janet L. Thornton/ Gerwin H. Westfield, 2 ' 3 
Yoh-hei Takahashi, 1 Malcolm Cook, 1 Xin Gao, 1 
Ashley R. Woodfin, 1 Jung-Shin Lee, 1,4 Marc 
A. Morgan, 1 Jessica Jackson, 5 Edwin R. Smith, 1 
Jean-Francois Couture, 6 Georgios Skiniotis, 2,3 
and Ali Shilatifard 1 ' 7 

2 ~ 6 [Author affiliations appear at the end of the paper.] 

The stimulation of trimethylation of histone H3 Lys4 
(H3K4) by H2B monoubiquitination (H2Bub) has been 
widely studied, with multiple mechanisms having been 
proposed for this form of histone cross-talk. Cps35/Swd2 
within COMPASS (complex of proteins associated with 
Setl) is considered to bridge these different processes. 
However, a truncated form of Setl (762-Setl) is reported 
to function in H3K4 trimethylation (H3K4me3) without 
interacting with Cps35/Swd2, and such cross-talk is at- 
tributed to the n-SET domain of Setl and its interaction 
with the Cps40/Sppl subunit of COMPASS. Here, we 
used biochemical, structural, in vivo, and chromatin 
immunoprecipitation (ChIP) sequencing (ChlP-seq) ap- 
proaches to demonstrate that Cps40/Sppl and the n-SET 
domain of Setl are required for the stability of Setl and 
not the cross-talk. Furthermore, the apparent wild-type 
levels of H3K4me3 in the 762-Setl strain are due to the 
rogue methylase activity of this mutant, resulting in the 
mislocalization of H3K4me3 from the promoter-proximal 
regions to the gene bodies and intergenic regions. We also 
performed detailed screens and identified yeast strains 
lacking H2Bub but containing intact H2Bub enzymes that 
have normal levels of H3K4me3, suggesting that mono- 
ubiquitination may not directly stimulate COMPASS but 
rather works in the context of the PAF and Rad6/Brel 
complexes. Our study demonstrates that the mono- 
ubiquitination machinery and Cps35/Swd2 function to 
focus COMPASS'S H3K4me3 activity at promoter-prox- 
imal regions in a context-dependent manner. 

Supplemental material is available for this article. 
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Eukaryotic chromatin is highly modified, with many 
diverse post-translational modifications. How these 
modifications influence each other to regulate DNA- 
templated processes has been widely studied (Smith and 
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Shilatifard 2010; Gardner et al. 201 1 ). One of the oldest and 
best-characterized examples of cross-talk between two 
histone modifications is the requirement of monoubiqui- 
tinated H2B for higher levels of H3K4 trimethylation 
(H3K4me3) and H3K79me3 (Briggs et al. 2002; Dover 
et al. 2002; Ng et al. 2002; Sun and Allis 2002; Wood 
et al. 2003; Lee et al. 2010). Evidence for the requirement for 
histone H2B monoubiquitination (H2Bub) for histone meth- 
ylation includes (1) the observed loss of H3K4me3 when 
the RAD 6 and BRE1 genes, which encode the enzyme for 
H2Bub, are deleted (Wood et al. 2003) and (2) mutation of 
the monoubiquitinated residue Lysl23 to arginine, which 
also leads to a reduction in H3K4me3 levels (Dover et al. 
2002; Sun and Allis 2002). Later, in vitro studies were 
performed that demonstrated that H2Bub directly stimu- 
lates the enzymes mediating H3K4 and H3K 79 methyla- 
tions (McGinty et al. 2008; Kim et al. 2009, 2013). 

In yeast, all H3K4 monomethylation (H3K4mel ), H3K4 
dimethylation (H3K4me2), and H3K4me3 are catalyzed by 
the Setl enzyme within the macromolecular COMPASS 
(complex of proteins associated with Setl) (Miller et al. 
2001; Krogan et al. 2002; Shilatifard 2012). COMPASS is 
composed of seven subunits in addition to Setl, which, 
ordered by molecular weight, are Cps60/Bre2, Cps50/ 
Swdl, Cps40/Sppl, Cpd35/Swd2, Cps30/Swd3, Cps25/ 
Sdcl, and Cpsl5/Shgl (Miller et al. 2001). Three indepen- 
dent groups have demonstrated a connection between the 
Cps35/Swd2 subunit of COMPASS and its interaction 
with monoubiquitinated chromatin and cross-talk to 
H3K4me3 (Lee et al. 2007; Zheng et al. 2010; Soares and 
Buratowski 2012). In the absence of the Rad6 or Brel 
ubiquitin ligase or in strains bearing the K123R mutant 
form of H2B, Cps35/Swd2 is not properly recruited to 
chromatin (Lee et al. 2007; Zheng et al. 2010; Soares and 
Buratowski 2012). Furthermore, Cps35/Swd2's associa- 
tion with COMPASS was reduced threefold in yeast 
mutants lacking H2Bub (Lee et al. 2007; Zheng et al. 
2010). However, Cps35/Swd2 is in at least one other 
complex in addition to COMPASS, and complicated 
genetic interactions between these complexes leave it 
unclear which are direct and which are indirect effects 
(Soares and Buratowski 2012). 

Ideally, being able to connect the powerful genetics 
and biochemistry of yeast with in vitro experiments 
could be helpful in identifying the mechanism for how 
H2Bub facilitates H3K4me3. To this end, a recent study 
described the use of reconstituted complexes to demon- 
strate that Cps40/Sppl and the n-SET domain of Setl are 
required for H2Bub stimulation of H3K4me3 (Kim et al. 
2013). However, no direct physical interaction between 
Cps40/Sppl or the n-SET domain and H2Bub chromatin 
could be found. Furthermore, there is no evidence for a 
monoubiquitination-dependent interaction of Cps40/Sppl 
with chromatin, leaving the mechanism of this stimulation 
of H3K4me3 undetermined. In order to demonstrate a role 
for the n-SET domain and Cps40 in H2Bub-dependent 
stimulation of H3K4me3 in vivo, a strain with a truncated 
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version of Setl that was unable to interact with Cps35/ 
Swd2, but was still capable of interacting with Cps40/ 
Sppl, was generated (Kim et al. 2013). This amino acid 
762-1080 form of Setl could achieve wild-type levels of 
H3K4me3, as determined by Western blotting (Kim et al. 
2013). Furthermore, this methylation required Cps40/ 
Sppl, as deletion of Cps40/SPPl in a strain expressing the 
truncated Setl resulted in a loss of H3K4me3 in vivo (Kim 
et al. 2013). 

Here, we explore possible mechanisms for Cps40/Sppl 
in stimulating H3K4me3. We investigated the nature of 
the 762-Setl form of COMPASS in vivo and found that 
without Cps40/Sppl, the 762-Setl protein levels are 
reduced. Attempts to reconstitute 762-Setl with core 
COMPASS subunits failed unless Cps40/Sppl was in- 
cluded due to degradation of yeast 762-Setl in the Sf9 
insect cells. Also, single-particle electron microscopy 
(EM) studies suggest that Cps40/Sppl interacts with the 
n-SET domain of Setl and appears to stabilize a particular 
conformation of Setl from what would otherwise be a 
flexible region before the SET domain that would be 
degraded in the absence of Cps40/Sppl. In order to 
understand the nature of the robust 
methylation by 762-Setl, we performed 
H3K4me3 chromatin immunoprecip- 
itation (ChIP) sequencing (ChlP-seq) 
and found that, unlike full-length Setl, 
the truncated version implemented 
this modification in a deviant man- 
ner, with reduced H3K4me3 over 
promoter-proximal regions and in- 
creased H3K4me3 over gene bodies, 
suggesting that Cps35/Swd2 and the 
H2Bub machinery could play a role in 
focusing H3K4me3 on the correct lo- 
cation. We also performed detailed 
screens in yeast and identified mu- 
tants with very low levels of H2Bub, 
however, still demonstrating normal 
levels of H3K4me3. Based on our find- 
ings, we propose a model in which the 
H2Bub machinery itself, but not the 
ubiquitinated H2B, is critical for set- 
ting up protein-protein interactions, 
which are important for COMPASS 
function in implementing high levels 
of H3K4me3 at gene promoters. 



regions (Flag-762-Setl) (Fig. 1A). Each of these constructs 
stably expresses TAP-tagged Cps60/Bre2 to facilitate 
analysis of the structural integrity of COMPASS in these 
mutants (Fig. 1B-E). We found that H3K4 methylation is 
at a very low or undetectable level in the An-SET strains, 
comparable with a setl deletion (Fig. 1B ; cf. lanes 2-5 and 
6-9). Western blotting with antibodies generated toward 
Setl's C terminus demonstrates that the An-SET protein 
levels are similarly reduced (Fig. IB). In contrast, the 762- 
Setl enzyme implements wild-type levels of H3K4 meth- 
ylation (Fig. 1C, lanes 7,8). However, deleting CPS40/ 
SPP1 results in a severe loss of H3K4mel, H3K4me2, and 
H3K4me3 (Fig. 1C, lanes 1-6). 

Previous studies demonstrated that deletion of CPS40/ 
SPP1 from strains expressing full-length Setl have wild- 
type levels of mono- and dimethylation and only show 
reduced trimethylated H3K4 (Schneider et al. 2005; 
Takahashi et al. 2009). This finding suggests that the 
Flag-762 Setl construct (Fig. 1C, lanes 1-8) is unusually 
dependent on the Cps40/Sppl subunit of COMPASS. To 
assess the structural integrity of COMPASS in the An-SET 
and Flag-762-Setl strains, cellular lysates were purified 
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Results and Discussion 

Cps40/Sppl stabilizes a truncated 
form of Setl in vivo 

To investigate Cps40/Sppl's contribu- 
tion to cross-talk between H2Bub and 
H3K4me3, we replaced the Setl ORF 
with truncated versions at the endog- 
enous SET1 locus (Fig. 1 A). The An-SET 
has a deletion of the n-SET domain, 
the Cps40/Sppl -interacting region, but 
contains the Cps35/Swd2 interaction 
domain (Takahashi et al. 2011; Kim 
et al. 2013). Strains were also con- 
structed to express a Flag- tagged Setl 
with just the n-SET through post-SET 
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Figure 1. Importance of the n-SET domain for Setl levels and Cps40/Sppl -dependent 
H3K4me3. (A) Domain structure of full-length (FL) Setl, An-SET, and 762-Setl, indicating 
sites of COMPASS subunit binding. WARD is an abbreviation for the core complex subunits, 
named after the four mammalian homologs Wdr5 (Cps30), Ash2 (Cps60), Rbbp5 (Cps50), and 
Dpy30 (Cps25). (B) H3K4mel, H3K4me2, H3K4me3, and loss of Setl in An-SET strains. Whole- 
cell extracts were fractionated by SDS-PAGE and probed with the indicated antibodies. The 
asterisk indicates a nonspecific band that is seen even in setl deletion strains. (C) H3K4mel, 
H3K4me2, and H3K4me3 are lost in cps40A 762-Setl strains. Western blotting with the 
indicated antibodies of whole-cell extracts, as in B. (D) Setl is missing from Cps60/Bre2 
purifications in the An-SET strain. TAP-tagged Cps60/Bre2 was isolated from strains with wild- 
type or An-SET Setl with IgG Sepharose and elution with TEV protease. Antibodies rec- 
ognizing the Setl C terminus were used to assess Setl levels. TAP tag antibody indicates the 
level of purified Cps60/Bre2. (£) Protein levels of the Flag-762 version of Setl are reduced in the 
absence of Cps40/Sppl. TAP-tagged Cps60/Bre2 was isolated from strains coexpressing Flag- 
762-Setl in either the presence or absence of Cps40/Sppl. The M2 Flag monoclonal antibody 
was used to assess 762-Setl levels. TAP tag antibody indicates the level of purified Cps60/Bre2. 
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using the protein-A moiety of the TAP 
tag on Cps60/Bre2. Antibodies recog- 
nizing the TAP tag show equal levels 
of Cps60/Bre2 in these purifications, 
while the An-SET protein levels in the 
presence of Cps40/Sppl (Fig. ID) and 
the Flag-762-Setl protein levels in the 
absence of Cps40/Sppl (Fig. IE) are 
each greatly reduced. Together, these 
findings suggest that Cps40/Sppl func- 
tions to stabilize Setl in vivo. The 
observed loss of H3K4me3 in the ab- 
sence of Cps40/Sppl in the 762-Setl 
strain could be explained by the loss of 
Setl's stability and therefore is not nec- 
essarily ascribable to the misregulation 
of the H2Bub cross-talk pathway. 

Cps40/Sppl stabilizes a truncated 
form of Setl in reconstituted 
COMPASS 
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To further investigate the relationship 
of Cps40/Sppl with the Flag-762-Setl- 
containing COMPASS, we used the 
baculovirus system for reconstitution 
of COMPASS. Viruses encoding Flag- 
tagged versions of Cps60/Bre2, Cps50/ 
Swdl, 762-Setl, Cps30/Swd3, and 
Cps25/Sdcl with or without Cps40/ 
Sppl were coinfected into Sf9 cells. 
Protein lysates were used for Flag af- 
finity purification followed by size ex- 
clusion chromatography and silver 
staining. Flag-762-Setl peaks in frac- 
tion 18 in the presence of Cps40/Sppl, 
eluting at an apparent size of —800 kDa (Fig. 2A). How- 
ever, attempts at reconstituting the Flag- 762-Setl protein 
with COMPASS subunits were unsuccessful in the ab- 
sence of Cps40/Sppl (Fig. 2B). The complex without 
Cps40/Sppl elutes in fractions 22-23 with an apparent 
size of —600 kDa, similar to the elution behavior of the 
core COMPASS consisting of the minimal SET domain of 
Setl with the four core COMPASS subunits (Takahashi 
et al. 201 1 ). This observation can be attributed to the lack of 
intact Flag-762-Setl (degradation of n-SET) in the reconsti- 
tuted COMPASS in the absence of Cps40/Sppl. In sub- 
sequent fractions, the rest of the core COMPASS subunits 
elute together, as the previously described "WARD" com- 
plex (named after the mammalian homologs of WDR5 
[Cps35], Ash2 [Cps60], Rbbp5 [Cps50], andDpy30 [Cps25]). 
These findings are consistent with our in vivo studies, 
suggesting that Cps40/Sppl has a strong stabilizing in- 
fluence on 762-Setl. 

Single-particle EM analysis of Cps40/Sppl within 
a Flag-762-Setl-containing COMPASS 

The baculovirus-reconstituted COMPASS with Flag-762- 
Setl and Cps40/Sppl was purified by size exclusion chro- 
matography, and peak fractions were visualized by 
negative stain EM followed by two-dimensional (2D) 
particle classification and averaging (see Supplemental 
Figs. 1, 2). For comparison, Flag-762-Setl COMPASS was 
purified from yeast cells using TAP purification of Cps60/ 
Bre2. Both the reconstituted and native Flag-762-Setl/ 
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Figure 2. Structural basis for Cps40/Sppl stabilization of 762-Setl. [A,B). Flag-tagged 762-Setl 
and other Flag-tagged COMPASS subunits were coexpressed in Sf9 cells using the baculovirus 
system. (A) When Flag-Cps40/Sppl is included in the reconstitution, the assembled complex is 
intact, as determined by Superose 6 gel filtration chromatography, eluting at —800 kDa 
(peaking at fraction 18). (B) When Flag-Cps40/Sppl is left out of the reconstitution, the Flag- 
purified complex displays an altered Superose 6 elution profile, peaking at —600 kDa (fraction 
22). Molecular weight markers and COMPASS subunits are indicated. A truncated version of 
Setl that coelutes with the COMPASS core subunits in fraction 22 is labeled as Setl* and 
likely corresponds to the minimal SET domain. We predict that this form of Setl (core Setl) is 
generated when the n-SET domain of 762-Setl is degraded in the absence of Cps40/Sppl. (C,D) 
Representative 2D class averages of COMPASS with Cps40/Sppl. (C) Representative 2D class 
averages of the recombinant "core" COMPASS (Cps60/Bre2, Cps50/Swdl, Cps30/Swd3, Cps25/ 
Sdcl, and 938-Setl) are compared with class averages of recombinant "+Cps40/Sppl, 762-Setl" 
COMPASS (Cps60/Bre2, Cps50/Swdl, Cps40/Sppl, Cps30/Swd3, Cps25/Sdcl, and 762-Setl) and 
with native "+Cps40/Sppl, 762-Setl" COMPASS. Additional densities attributed to Cps40/Sppl 
and n-SET are observed on top of Cps50/Swdl and Cps30/Swd3. (D) Model of Cps60/Bre2-, Cps50/ 
Swdl-, Cps40/Sppl-, Cps30/Swd3-, Cps25/Sdcl-, and 762-Setl -containing COMPASS with sub- 
units and domains indicated. 



Cps40/Sppl COMPASS complexes reveal views similar 
to the recombinant "core" COMPASS complex previ- 
ously characterized (Fig. 2C, left; Takahashi et al. 2011). 
Compared with "core" COMPASS, native and reconsti- 
tuted Flag-762-Setl/Cps40/Sppl COMPASS reveals a sig- 
nificant rod-like density, which we attribute to Cps40/ 
Sppl attached on top of Cps50/Swdl. Furthermore, the 
2D averages reveal a smaller globular density attached on 
top of Cps30/Swd3. We postulate that this small globular 
density corresponds to n-SET, which has been previously 
shown to engage Cps30/Swd3. The fact that the densities 
attributed to Cps40/Sppl and n-SET are peripheral to the 
complex might explain the difference in elution profile on 
gel filtration analysis of the reconstituted COMPASS 
assembled with and without Cps40/Sppl (Fig. 2A,B). Inter- 
estingly, several 2D averages of the native complex reveal 
that the Cps40/Sppl and n-SET densities are connected, 
resulting in a long rod that sits tightly on top of the Cps50/ 
Swdl-Cps30/Swd3 module (Supplemental Figs. 1, 2). The 
association of Cps40/Sppl with n-SET might protect this 
region from attracting proteolytic machinery, explaining 
why the absence of Cps40/Sppl could lead to proteolysis of 
Setl and the major shift in the molecular weight, as ob- 
served on size exclusion chromatography (Fig. 2A,B). 

Truncated Setl (762-Setl) is a rogue methylase 
with altered intragenic specificity 

Having demonstrated that the apparent inability of 762- 
Setl to implement H3K4me3 in the absence of Cps40/ 
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Sppl is due to degradation of the enzyme and not the 
proposed loss of cross-talk between Cps40/Sppl and 
H2Bub, we set out to understand the nature of the robust 
bulk levels of H3K4me3 observed in strains containing 
both Setl-762 and Cps40/Sppl (Kim et al. 2013). We first 
compared H3K4 methylation levels in various truncations 
of COMPASS (Fig. 3A ; data not shown). Deletion of the 
n-SET domain (An-SET) or deletion of the first 375 
residues that remove the Cps35/Swd2 interaction domains 
and the first RRM domain of Setl (leaving amino acids 
376-1080-Setl) results in a severe loss of all forms of H3K4 
methylation (Fig. 3 A, cf. lanes 1-2 and 5-6). The loss of 
H3K4me3 levels in Setl N-terminal deletion mutants is 
suppressed by the further truncation of Setl to the 762- 
1080-Setl strain as assessed by Western blotting of bulk 
histones (Fig. 3 A, cf. lanes 1-2 and 3-8). We therefore 
performed ChlP-seq in cells expressing full-length Setl or 
762-Setl. We observed that the pattern of H3K4me3 is 
frequently reduced over the promoter-proximal regions and 
increased over the gene bodies in the presence of the 
truncated version of Setl, and this alteration was re- 
producible in biological replicates (Fig. 3B). 

Metagene analysis shows that H3K4me3 is generally 
reduced from the promoter region and increased in the 
gene body in the 762-Setl strain as compared with a full- 
length Setl strain (Fig. 3C). To increase the accuracy of 
our analyses, we only considered genes that were long 
(>800 base pairs [bp]), isolated (at least 200 bp from any 
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Figure 3. Wild-type levels of H3K4me3 in the 762-Setl strain have altered occupancy. [A) The 
762-Setl version of COMPASS is unique among other truncations to sustain high levels of 
H3K4 methylation when tested by Western blotting (Kim et al. 2013). The An-SET and amino 
acids 376-1080 forms of Setl, both of which lose the ability to interact with Cps35/Swd2, show 
severely reduced levels of H3K4 methylation. However, deleting even more of Setl, the first 
761 amino acids, appears to restore wild-type levels of H3K4 methylation in these cells, 
including H3K4me3. [B-E] The H3K4me3 implemented by 762-Setl is not as focused on 
promoter-proximal regions. [B) Genome browser track of examples of genes with reduced 
H3K4me3 body/promoter occupancy ratios in a 762-Setl strain. (C) Metagene analysis of the 
1625 genes that are large (>800 bp), isolated (>200 bp from another gene), and enriched for 
H3K4me3 in the full-length Setl strain. (D) Schematic for how the ratio of promoter-proximal 
versus gene body H3K4me3 occupancy is measured. (E) Cumulative distribution analysis of 
body/promoter occupancy ratio for the 1625 genes that are long, isolated, and enriched for 
H3K4me3 (Kolmogorov-Smirnov test, two-sided, D = 0.243; P-value < 2.2 X 1CT 16 ): (FL) full- 
length Setl; (762) amino acids 762-1080-Setl. Batches 1 and 2 represent biological replicates. 



other gene), and enriched for H3K4me3 in the full-length 
Setl -containing strain (n = 1625). To quantitate the 
redistribution of H3K4me3 from its normal marking at 
transcription start sites (TSSs), we calculated the ratio of 
gene body regions to promoter-proximal regions, taking 
the —100- to +300-bp region around the TSSs as the 
promoter and the rest of the gene as the body (Fig. 3D). 
The distribution of the body/promoter occupancy ratio 
between the wild- type and 762-Setl strain was contrasted 
(Fig. 3E) and found to be significant (Kolmogorov-Smirnov 
test, two-sided, D = 0.243; P-value < 2.2 X 10" 16 ). Thus, 
H3K4me3 in the 762-Setl strain is far from wild type. 

A role for monoubiquitination machinery but not 
monoubiquitination in H3K4me3: context dependency 
in monoubiquitination /methylation cross-talk 

The clear difference in H3K4me3 patterns by Setl that 
can interact with Cps35/Swd2 and by Setl that cannot 
interact with Cps35/Swd2 could mean that the H2Bub 
might be important for focusing H3K4me3 at promoter- 
proximal regions. However, we recently used global 
proteomic screening (GPS) to identify Chdl as a factor 
required for H2Bub (Lee et al. 2012). While earlier GPS 
studies showed that Rad6 and Brel, the E2 and E3 ligases 
implementing H2Bub, also affected H3K4me3 (Dover 
et al. 2002), the loss of Chdl had no global effect on 
H3K4me3 (Lee et al. 2012). Since Chdl loss resulted 
in —90% reduction in H2Bub levels, 
we could not conclude that H3K4me3 
could occur in the absence of H2Bub. 
Therefore, we used GPS to identify 
additional factors that are required for 
H2Bub without affecting H3K4me3 
levels. One of the hits identified is 
the PAF complex subunit Leol (Fig. 
4 A, lane 13). As seen with Chdl, loss 
of Leol had no effect on bulk levels of 
H3K4me3 (Fig. 4B) despite the loss 
of significant levels of H2Bub. We 
confirmed a requirement for Leol in 
H2Bub by complementing the leol A 
strain with LEOl expressed under the 
GAL1 promoter. In the presence of 
glucose, H2Bub levels are greatly re- 
duced, while switching to galactose 
restores H2Bub to wild-type levels 
(Fig. 4B). His tone H3K4me3 levels are 
unaffected in all conditions (Fig. 4B). 

In an attempt to achieve a greater 
reduction in H2Bub levels, we made 
a double deletion strain, chdl A leol A. 
Even with the substantial reduction of 
H2Bub seen in the leol A and chdl A 
leol A strains, H3K4me3 and H3K79me3 
levels remain unchanged (Fig. 4C). Im- 
portantly, Handa and colleagues (Chen 
et al. 2009) have previously observed that 
RNAi-mediated knockdown of Leol 
in mammalian cells leads to a loss of 
H2Bub but not H3K4me3, suggesting 
that monoubiquitination of H2B is also 
not a prerequisite for H3K4me3 by the 
COMPASS family in mammals. ChlP-seq 
analysis shows that the wild-type levels 
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Figure 4. The H2Bub machinery, but not the modification alone, is required for H3K4me3 by 
COMPASS in vivo. (A) GPS of the nonessential gene collection in Saccharomyces ceievisiae for 
genes required for H2Bub. Leol, a member of the PAF complex, was identified in this screen. (B) 
Complementation of the leol A. strain with LEOl expressed under the control of the GAL1 
promoter. In the presence of galactose, H2Bub levels return to wild-type levels. H3K4me3 levels 
remain largely unchanged in all conditions. (C) CHD1, encoding a previously identified factor 
required for full levels of H2Bub in cells, was knocked out singly and in combination with LEOl. 
Western blotting of extracts from the chdlA. leol A. strain has greatly reduced H2Bub without 
a major effect on H3K4me3 or H3K79me3. [D-G] A model for the context dependency for proper 
H3K4 methylation by COMPASS. (D) The PAF and FACT complexes are recruited to promoters 
along with RNA polymerase II and help recruit COMPASS and the ubiquitin E2 and E3 ligases 
Rad6 and Brel, respectively. (E) Rad6 and Brel recruitment results in the monoubiquitination of 
H2B and the recruitment of Cps35/Swd2, leading to the transition from H3K4mel to H3K4me2 
and H3K4me3. (F) In strains in which the gene encoding Rad6 or Brel is deleted, COMPASS can 
only monomethylate histone H3K4 due to the absence of Cps35/Swd2 on chromatin. (G) 
Mutation of H2BK123 to arginine (H2BK123R) can result in the loss of interaction of Rad6 and 
Brel and/or PAF with chromatin and therefore the loss of association of Cps35/Swd2 with 
COMPASS on chromatin, resulting in a reduction in the level of H3K4me2 and H3K4me3. 



methylation of H3K4 by COMPASS 
(Fig. 4F). We speculate that Rad6 and 
Brel recruitment is dependent on the 
identity of the K123 residue and is 
not substitutable by the similarly 
charged arginine residue (Fig. 4G). 

One way to reconcile the seemingly 
contradictory claims of whether it 
is Cps35/Swd2 or Cps40/Sppl that 
mediates H2Bub cross-talk would be 
that both factors are needed but at dif- 
ferent steps. In wild-type yeast, Cps35/ 
Swd2's recruitment to chromatin in 
an H2Bub machinery-dependent man- 
ner could change the conformation of 
COMPASS such that Cps40/Sppl directly 
stimulates H3K4me3 by COMPASS. 
Since loss of Cps40 leads to reductions 
in trimethylation, but not dimethyla- 
tion (Schneider et al. 2005), and since 
mutation of the monoubiquitination 
machinery loses both di- and trimeth- 
ylation, under this model, the confor- 
mations and interactions facilitated by 
Cps35/Swd2 would be enough for di- 
methylation but not trimethylation in 
the absence of Cps40/Sppl. 

An unexpected lesson from our study 
is that many of the assumptions on 
which our model and others have been 
built were obtained from Western blot- 
ting and by performing ChIP at a few 
genes. What was considered wild- type 
H3K4me3 levels in 762-Setl cells by 
Western blotting (Kim et al. 2013) was 
in fact mislocalized H3K4me3, as evi- 
denced by detailed ChlP-seq studies. 
This finding indicates that many alter- 
ations of this model could occur as 
modern techniques are applied to this 
now decade-old phenomenon of his- 
tone cross-talk between H2Bub and 
H3K4me3. 



of H3K4me3 seen by Western blotting in these mutants have 
the expected distribution over the TSS regions, indicating 
proper regulation of H3K4me3 by COMPASS in these 
mutants (Supplemental Fig. 3). 

A model for the context dependency for proper 
H3K4me3 by COMPASS 

The study presented here supports a model in which the 
H2Bub machinery (i.e., Rad6/Brel and the interacting 
factors such as PAF and FACT complexes), but not the 
monoubiquitin modification itself, could function as a 
prerequisite for H3K4me3. In this model, the PAF com- 
plex and the FACT complex go to all active genes, and the 
Rad6 and Brel H2Bub ligases are corecruited to chroma- 
tin by PAF and FACT (Fig. 4D ; Pavri et al. 2006). If Rad6 
and Brel are present, then COMPASS'S trimethylase 
function, which requires Cps35/Sdw2, can be properly 
focused to the promoter-proximal region for H3K4me3 
(Fig. 4E). In the rad6 and brel deletion strains, Cps35/ 
Swd2 is not recruited to chromatin, resulting in mono- 



Materials and methods 

Western analysis and immunoprecipitation 

Whole-cell extracts were prepared and subjected to Western blotting. IgG 
Sepharose was used to isolate Cps60/Bre2 from nuclear extracts. Immunopre- 
cipitations were assayed by Western blotting with antibodies to Setl, the Flag 
epitope on Setl, or the TAP tag on Cps60/Bre2. TAP purification of Cps60 was 
performed as previously described (Miller et al. 2001; Takahashi et al. 2011). 

For LEOl complementation, cells containing the pRS315 vector 
bearing LEOl under the control of the GAL1 promoter were cultured in 
SD medium deficient of leucine overnight at 30°C, transferred to 
synthetic medium containing dextrose and galactose, respectively, and 
incubated for 6 h at 30°C. Cell extracts were prepared and analyzed by 
Western blotting. Antibodies were generated by our laboratory except for 
anti-H3K79me3 (Abeam, ab2621), anti-monoubiquitinated histone H2B 
(Cell Signaling Technology, #5546), anti-TAP (Thermo Scientific, 
CAB 1001), and the M2 anti-Flag antibody (Sigma, F3165). 

Specimen preparation and EM imaging of negative-stained samples 

Baculovirus reconstitution was performed as previously described (Takahashi 
et al. 2011). All COMPASS complexes were prepared for EM using the 
conventional negative-staining protocol (Ohi et al. 2004) and imaged at 
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room temperature with a Tecnai T12 electron microscope operated at 120 
kV using low-dose procedures. Images were recorded at a magnification of 
71, 138 X and a defocus value of —1.5 |xm on a Gatan US4000 CCD camera. 
All images were binned (2X2 pixels) to obtain a pixel size of 4.16 A on the 
specimen level. All particles were manually excised using Boxer (part of the 
EMAN 1.9 software suite) (Ludtke et al. 1999). 

2D classification of negative-stained COMPASS complexes. 

2D reference-free alignment and classification of particle projections were 
performed using SPIDER (Frank et al. 1996). For the recombinant "+Cps40 
762-Setl" COMPASS complex (Cps60, Cps50, Cps40, Cps30, Cps25, and 
762-Setl), 12,974 particle projections were classified into 100 classes. For 
the native "+Cps40 762-Setl" COMPASS complex (Cps60, Cps50, Cps40, 
Cps30, Cps25, and 762-Setl), 7806 particle projections were initially 
classified into 50 classes. Two-thousand-one-hundred-sixty-four particle 
projections from classes clearly showing densities for all domains were sub- 
sequently subjected to an additional secondary classification into 10 classes. 

ChIP 

ChIP was performed as previously described (Lee et al. 2012). For body/ 
promoter ratio, the average normalized coverage between body and promoter 
was computed for every gene using the -100- to +300-bp region around the 
TSSs as the promoter and the rest of the gene as the body. See the Sup- 
plemental Material for additional details. ChlP-seq data have been deposited at 
the Gene Expression Omnibus (GEO) under the accession number GSE53241. 
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